Abstract-We consider MIMO (multiple-input multiple output) communications in an ad hoc network with K simultaneous communicating transceiver pairs. In particular, we compare channelized MIMO transmission and the MIMO interference transmission using the inherent multiplexing gain of multiple transmit/receive antennas. The relative performance in terms of their limiting spectral efficiencies largely hinges on the power constraint used in the system. In particular, for a MIMO network with per-user power constraint, we show that the channelized transmission has unbounded limiting spectral efficiencies while the interference transmission is inherently limited by the degrees of freedom of the system, namely the transceiver antenna numbers. On the other hand, with a total power constraint, both transmission schemes have saturating asymptotic spectral efficiencies as the number of users increases.
I. INTRODUCTION
Multiple-input multiple-output (MIMO) systems by using multiple antenna transceivers have shown great promise in providing unprecedented spectral efficiencies [1] , [2] . We investigate in this work multiuser MIMO communications, and in particular, the application of MIMO communications in an mobile ad hoc network (MANET). Differing from MIMO multiple access or MIMO broadcast channels, a MIMMO MANET has both distributed transmitters and distributed receivers, hence presents a more challenging problem.
One way of utilizing the MIMO potential in MANET is to use channelized transmission, i.e., the total channel is divided into orthogonal subchannels to allow interference-free MIMO communication (referred to as channelized MIMO, C-MIMO). This, however, puts exacting demand on the medium access control (MAC). To accommodate the dynamic traffic in a MANET, an adaptive MAC is needed to guarantee access to all active users while leaving no idle channels for maximal bandwidth efficiency. This is a formidable task in an ad hoc network due to the lack of a central node. On the other hand, recognizing that multiple antennas at the transceivers provide inherent multiplexing capability, it is imperative to study MIMO communications in ad hoc networks with interference transmission. Not only it may alleviate the need for a fully adaptive MAC layer or the effect of spectrum under utilization with fixed channel allocation, allowing simultaneous transmissions also helps exploit the multiuser diversity that may improve upon the channelized MIMO approach.
It was found out in [3] that the MIMO MANET with interference transmission has limiting spectral efficiencies that are only functions of the transceiver antenna size. Further, whether or not the channel state information (CSI) is available at the transmitter yields drastically different results. Thus our first task is to try to characterize the limiting spectral efficiency of C-MIMO and compare it to that of interference transmission. We find out that the result largely hinges on the power constraint: For a per-user power constraint, C-MIMO has unbounded spectral efficiency while with a total system power constraint, C-MIMO exhibits a saturating spectral efficiency as the number of transceiver pairs grows.
We also investigate possible improvement for the interference transmission with stronger CSI assumption. A heuristic interference suppression beamforming approach, aimed at minimizing the inference power imposed on undesired receivers, is developed. This new beamforming approach utilizes a stronger CSI assumption at the transmitters. Specifically, it is assumed to know not only the CSI corresponding to the desired receiver, but also the CSI corresponding to those that it interferes with. It was shown through a numerical example that it achieves better spectral efficiencies than the simple beamforming approach that does not utilize the CSI corresponding to the interfering nodes.
The rest of the paper is organized as follows. The system model is described in Section II. In Section III, we briefly summarize the limiting spectral efficiency result corresponding to the interference transmission. Section IV derives the asymptotic spectral efficiencies for the C-MIMO under two different power constraints, namely the per-use power constraint and the total power constraint. Numerical examples are given in Section V that corroborate our analysis. To illuminate the usefullness of CSI at the transmitters, we introduce in Section VI a heuristic beamforming approach at the transmitter that utilizes all the CSI, including that of the desired receiver and of those receivers that it interferes with. This interference suppression beamforming approach is shown to have notable improvement over the simple beamforming approach through a numerical example. We conclude in Section VII. In this work, we investigate the performance gain, if any, of using the inherent multiplexing gain in MIMO communication to accommodate multiuser communication. The system layout is essentially the same as that of Blum [4] where all MIMO nodes communicate in the same channel and each receiver implements single user detection.
The following assumptions are used in this paper. A1 All users have identical power constraint P unless otherwise stated.
A2
We assume a rich scattering environment: each channel matrix consists of independent identically distributed (i.i.d.) complex Gaussian random variables with zero mean and unit variance; i.e., real and imaginary parts are N (0, 1/2).
A3
The combined path loss/shadow fading, denoted by η kj for the channel between the jth transmitter and the kth receiver is i.i.d. with meanη. Further η kj (large scale fading) is independent of the channel matrix H kj which captures small scale fading.
A4
Circularly complex Gaussian noise with covariance matrix σ 2 I r is assumed at each receiver, where σ 2 is the noise power over the whole channel bandwidth.
A5
Gaussian codes are assumed for each user. This does not lose any optimality in the presence of additive Gaussian noise.
A6
The CSI corresponding to the desired transmitterreceiver pair is available at the receiver. We remark here that assumption A1 has a very significant impact on the limiting capacity for C-MIMO. Fixing per user transmit power results in an unbounded total power when more users are added to the system, which in turn gives C-MIMO an unbounded spectral efficiency as shown in Section IV. In addition, the noise power σ 2 in assumption A4 is a function of bandwidth, i.e., σ 2 = N 0 B where N 0 is the noise power spectral density and B is the bandwidth. As it turns out, the value σ 2 (or B) is only relevant in charaterizing the asymptotic spectral efficiency for C-MIMO and it has no effect on the asymptotic spectral efficiency for interference transmissions.
Assume that the transmit vector for the jth transmitter has a covariance matrix R j , the ergodic mutual information (MI) for the kth transmitter-receiver pair, denoted by C k , is
The ergodic expectation, E, averages over all instantiations of {η k } and {H kj }. The network spectral efficiency is defined as the sum of pairwise spectral efficiencies between desired transmitter-receiver pairs; i.e., C = K k=1 C k . Notice that this is a special case of a more general definition for multiterminal networks [5, Chapter 14] . The distinction lies in the fact that the latter model accommodates the case where each transmitter sends information to all the receivers and each receiver receives information from all transmitters. The pairwise transmission assumption as adopted in the current work, while less general, does capture majority of applications involving multiple transmitters and receivers.
III. REVIEW OF LIMITING SPECTRAL EFFICIENCY WITH INTERFERENCE TRANSMISSION
In [4] , the author studied the MIMO capacity with interference. Single user detection is assumed and each receiver only knows the channel state information (CSI) corresponding to the desired transmitter. The results are equally applicable to an ad hoc MIMO network with simultaneous pairwise transmissions. Without knowing the CSI at the transmitter, the author showed that, depending on the interference to noise power ratio, the transmitter should either put equal power into each antenna (optimal in the interference-free MIMO transmission) or operate on a singular mode (i.e., the transmitter puts all power on a single element).
We established in [3] , how the network spectral efficiency, defined as the sum of spectral efficiencies of all active users, scales as the number of transmitting pairs increases. By assuming t transmit and r receive antennas for each transceiver pair, we show that as the number of transmitterreceiver pairs K increases, the total capacity of such an ad hoc interference network with either the equal power or the singular transmission, is fundamentally limited by the receive antenna size r and is independent of all the other parameters, including t and the transmit power. This results in a per node spectral efficiency of O( 1 K ) for fixed r which decreases to 0 as K → ∞.
When the CSI corresponding to the desired receiver, H k , is available at the transmitter, we showed that a simple "beamforming" approach achieves a spectral efficiency of approximately
for large t and r as K → ∞; i.e., t + r + 2 √ tr nats/s/Hz provides a lower bound on the asymptotically achievable spectral efficiency for large t and r. For example, with t = r, i.e., each transceiver uses the same number of transmit and receive antennas, the total spectral efficiency is 4r nats/s/Hz, which is four times higher than that of the channel-blind approach. The beamforming vector that achieves this bound was shown to be the eigenvector of H H k H k corresponding to its largest eigenvalue.
Nonetheless, the asymptotic per node spectral efficiency still decreases to zero for fixed t and r as the number of pairs K increases. Thus to achieve non-zero per node spectral efficiency, one needs to scale up r in the absence of CSI at the transmitter, and either t or r in the presence of CSI at the transmitter. This is due the fundamental limit on the multiplexing gain (degree of freedom) imposed by the transmit/receive antenna size [6] .
While the exact limiting spectral efficiency is unknown when the CSI is available, the asymptotically optimum signaling scheme was shown to amount to the waterfilling solution for the combined channel covariance matrix
In other words, if we definê
Then R k should be chosen through single user waterfilling corresponding to the channel matrixĤ k [1] . Notice this is different than simply scaling the waterfilling solution for H k : the waterfilling level is determined by the inverse of the eigenvalues ofĤ H kĤ k hence depends on the scaling factor in a nonlinear fashion.
IV. LIMITING SPECTRAL EFFICIENCY OF C-MIMO
We describe in detail the C-MIMO and its asymptotic spectral efficiency. Consider a system of bandwidth B Hz, therefore the total throughput is now BC where C is the network spectral efficiency. We assume FDMA is used 1 , where we divide the total bandwidth, B Hz, into K subchannels each with B K = B/K Hz. Because of the fact that noise variance for each subchannel decreases proportionally to the bandwidth, each transmitter-receiver pair has a throughput, C k B K , of
where σ 2 /K = N 0 B/K is the noise power for each subchannel. The network throughput is
given that (η k , H k ) are assumed to be identically distributed for all k. Therefore, the network spectral efficiency of a C-MIMO is
which is simply the ergodic capacity of a single user MIMO channel with CSI only at the receiver. However, an interesting phenomenon with C-MIMO is that its spectrum efficiency 1 Identical result can be obtained by using TDMA and assuming an average power constraint instead of peak power constraint. Thus each user transmits at KP during its transmission slot.
increases logarithmically with K and will approach ∞ as K → ∞. This is due to the assumption of fixed transmitter power P and the fact that more users in the system results in a larger total transmit power while the total noise power remains constant. Or, equivalently, as more users are added, each user occupies a narrower bandwidth, resulting in decreased noise power, and hence improved spectral efficiency.
For fairness of comparison, especially when considering those transmission schemes utilizing CSI, we will also use, in addition to (3),
where R k is the waterfilling covariance matrix with trace(R k ) = P , i.e., CSI is assumed also known at the transmitter. Compared to (3), this new spectral efficiency exhibits a performance gain over (3) which remains approximately constant for SN R > 1.
One can of course impose a different power constraint which will have a great impact on the asymptotic spectral efficiency for C-MIMO. For example, one can fix the sum transmit power of all users, that is, KP = P 0 remains constant. Hence as K increases, per user power P = P 0 /K decreases. With such a constraint, it is easy to show that the network capacity for a C-MIMO is invariant to K. In particular, with an ideal MAC, one can show that
On the other hand, fixing the total transmit power will introduce a constant scaling ofη P0 σ 2 +ηP0 to the asymptotic spectral efficiency for interference transmission introduced in Section III. For example, without CSI and with a total power constraint, the asymptotic network spectral efficiency is now upper bounded byη P 0 σ 2 +ηP 0 r nats/s/Hz while the asymptotic spectral efficiency with limited CSI is nowη P 0
The total power constraint has important applications in power limited systems, including, for example, sensor networks.
V. NUMERICAL EXAMPLES
Throughout this section, we assume that the channel matrix from the jth transmitter to the kth receiver, H kj , consists of i.i.d. complex Gaussian entries with zero mean and unit variance. As such, a rich scattering environment with Rayleigh flat fading channel is assumed. The channel matrices are independent across different transmitter-receiver pairs. The path loss/shadowing effect is summarized using the coefficient η kj which is assumed to be lognormal distributed, appropriately normalized to have unit mean value (hence the path loss is assumed to be absorbed through appropriately scaling the noise variance). The corresponding standard deviation of average power variation is 10 dB [7] . Notice that while the variation does not have any impact on the asymptotic spectral efficiency of all the interference transmissions, it does affect the spectral efficiency of C-MIMO, as can be seen from Eqs. (3) and (4) .
Six different transmitting schemes are considered in the following examples, namely 1) The asymptotically optimal waterfilling approach using the CSI (cf. Eq. (2)). 2) Simple beamforming approach. 3) Blum's "singular" transmission mode. 4) Blum's weak interference transmission mode. 5) C-MIMO with CSI, as in Eq. (4). 6) C-MIMO without CSI, as in Eq. (3). We first look at the behavior of the spectral efficiency as a function of user number K. We plot in Fig. 1(a) and (b) the following two cases.
• t = r = 16, P = 2, σ 2 = 1.
• t = r = 16, P = 10, σ 2 = 1.
The difference lies in the their average SNR. As expected, the spectral efficiency for the C-MIMO grows logarithmically as a function of K (linear in the figures as K is plotted in logarithmic scale). This is again based on ideal MAC and with a constant per-user power constraint. In both cases, knowing the CSI at the transmitter (the waterfilling and beamforming approaches) improves substantially the network spectral efficiency over the channel-blind transmission schemes (both the weak interference and the singular modes). Also, both channelblind transmission schemes have asymptotic (K large) spectral efficiency that is close to r nats/s/Hz (or r log 2 e bits/s/Hz) and this asymptotic value is independent of the transmit power. We also consider the behavior of the spectral efficiency as a function of SNR for fixed user number. In particular, consider the case of t = r = 16, K = 16, σ 2 = 1, with P varies from 1 to 100 (corresponding SNR ranges from 0 to 20 dB). The result is in Fig. 2 .
For this particular example, the interference transmission approach (the simple beamformer) actually enjoys better spectral efficiency than that of C-MIMO. This performance gain is due to the fact that interference transmission allows the system to exploit multiuser diversity due to the independent channel assumption. Of course, as K becomes very large, the spectral efficiency manifests its limiting behavior, as per the asymptotic analysis; this is reflected in Fig. 1 where the spectral efficiencies corresponding to interference transmissions all level off eventually.
VI. BEAMFORMING WITH STRONGER CSI ASSUMPTION Assume now each transmitter has the knowledge of not only CSI corresponding to its desired receiver, but to all the other receivers it interferes with. That is, the kth transmitter knows the channel matrices H ik for i = 1, · · · , K. Consider the following heuristic design criterion: Fig. 3 is a comparison of the simple beamforming and the interference suppressing beamforming. As K grows, the interference suppresion beamforming approach provides a steady improvment over the simple beamforming approach.
VII. CONCLUSIONS
MIMO communications in an ad hoc network is studied in this paper. We compared MIMO interference transmission and channelized transmission in terms of their limiting spectral efficiency. It was found that while the interference transmission has a saturating spectral efficiency, the C-MIMO has unbounded spectral efficiency when a per-user power constraint is used. If, however, a total power constraint is imposed, we showed that both transmission schemes have a finite limiting spectral efficiency.
The true benefit of using interference transmission is its ability to exploit multiuser diversity when CSI is available. This benefit is most when there is a significant but still finite number of active users in the network. We use a simple beamforming example to demonstrate the performance improvement when the transmitter is equipped with the CSI of both the desired transceiver pair but also of those receivers that it interferes with. 
